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ABSTRACT

ARTICLE HISTORY

Soil erosion is a serious ecological problem in Mediterranean areas. The IntErO model based on the
erosion potential method (EPM) and the modiﬁed universal soil loss equation (MUSLE) have been used to
assess soil erosion in several basins. This study aimed to assess and evaluate the eﬀectiveness of these
methods for evaluating sediment production and deposition rates in the Arbaa Ayacha basin, Morocco, in
order to estimate sediment ﬂuxes on a catchment scale. Our ﬁndings suggest that the basin is strongly
exposed to erosion owing to geological formations, slope and land use, with average losses of about
28.4 t ha−1 year−1. Erosion processes were evaluated at the erosion production (Eocene marly formations)
and sedimentation zones (Quaternary terraces). The results of these models may be useful to address soil
and water management in this region and to assess the impact of a river dam that will be built in the
basin.
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1 Introduction
Soil erosion by water is considered as a serious environmental
threat, especially in the Mediterranean areas (Grimm et al.
2002, Cerda et al. 2010, Spalevic et al. 2012, Jodar-Abellan
et al. 2019, Nikolic et al. 2019), aﬀecting water and soil
resources and having negative impacts on the socioeconomic environment (Spalevic et al. 2017). Soil degradation
and decreased water resources negatively aﬀect agricultural
production and have a negative impact on a country’s economy (Kassie et al. 2013, Ben Slimane et al. 2016, Tuomisto
et al. 2017, Yabi et al. 2017, Morales-Marín et al. 2018). These
natural and anthropogenic phenomena have continued to
grow over time (Fernandez et al. 2016, Guo et al. 2017) and
increases in sediment mobilization have decreased the reservoir retention capacity (Wang et al. 2017, Geng et al. 2017).
Slope inclination and the amount and velocity of runoﬀ are
some of the main factors favoring sediment mobilization (Guy
et al. 2009, Hao et al. 2019, Teng et al. 2019b). However,
several researchers have also shown the eﬀect of vegetation
cover and lithology on the detachment, mobilization and
transport capacity of sediments (Julien and Simons 1985,
Cerdà 1998, 2002, Zhang et al. 2003, 2009, 2011).
Morocco is a representative example of an unprotected area
that suﬀers from the harmful impact of soil erosion on its
environment and economy. Since the 1960s, the state administration has been studying soil erosion. At the Prerif, where the
oldest erosion studies were performed (Heusch et al. 1970), the
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main objective was to maintain the proﬁtability of the soil for as
long as possible. One of the negative impacts of soil erosion on
water resources is the loss of storage capacity of reservoirs owing
to sediment accumulation (Boukheir et al. 2001). In Morocco,
the storage capacity of reservoirs decreases at an annual rate of
0.5%; this rate corresponds to a total amount of about
700 × 106 m3 of sediment per year, resulting in the loss of
irrigable surface at the rate of about 600 ha year−1
(Moukhchane 2002). The Oued Mda basin (Heusch et al.
1970) in the Moroccan Pre-Rif was one of the ﬁrst areas to be
investigated. Subsequently, with the introduction of methods
and models for soil erosion quantiﬁcation, such as the widely
applied universal soil loss equation (USLE) (Wischmeier and
Smith 1978) and radioisotope techniques based on radionuclides such as 137Cs (Ritchie and Machenry 1990, Walling and
Quine 1993) and 210Pb (Walling and He 1999), researchers have
extended erosion studies to other areas, especially in the Rif.
This area, because of its topographical, biological and climatic
characteristics, is one of the most vulnerable to erosion (Roose
and Arabi 1994, Moukhchane et al. 1998, Briak et al. 2016). In
fact, several Rif basins have been subjected to erosion studies;
for example, erosion studies were performed at the Hachef basin
by using 137Cs radioisotope (Moukhchane et al. 2005), the
RUSLE and modiﬁed universal soil loss equation (MUSLE)
models (Tahiri et al. 2016) and the SWAT model (Ben
Hardouz 2013). In the Nakhla basin, soil erosion has been
investigated using the radionuclides 137Cs and 210Pbex
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(Damnati et al. 2012). Another qualitative erosion study was
performed in this basin by using gully monitoring (Naimi et al.
2005); in addition, Aït Brahim et al. (2003) used the USLE to
quantify erosion rates per hectare per year in the Nakhla basin.
In the Tahadart basin, the revised version of RUSLE and
MUSLE were applied for the evaluation of soil loss rates
(Tahiri et al. 2017).
The Arbaa Ayacha basin in the western Rif is characterized by
abundant and intense rainfall (726.67 mm year−1), leading to
friable lithological formations and large extensions of cultivated
land. All these aspects combined trigger erosion phenomena and
reinforce current erosive processes. The main reason for the
quantiﬁcation and assessment of the risks and erosion rates in
this region is the planned dam installation in the coming years
(LHBA 2012). For the sustainability of the future reservoirs the
conservation of soil fertility in the area is of major economic
importance to the local population. Therefore, qualitative and
quantitative studies have been performed in this basin (Ouallali
et al. 2016a, 2016b). Erosion control and sustainable management
of water and soils require in-depth studies of erosion. Empirical
models are among the eﬀective methods that help in decisionmaking (Hao et al. 2019). Among these models and methods, the
most suitable for the scale of basins and those that are commonly
applied in Morocco are USLE (Wischmeier and Smith 1978);
WEPP, water erosion prediction project (Flanagan and Nearing
1995); SWAT, soil and water assessment tool (Arnold et al. 1998);
radionuclide-based methods (Bunzll and Kracke 1988, Bunzl et al.
1989, Ritchie and Machenry 1990, Zhang et al. 2003); and daily
discharge (Keesstra et al. 2014). However, most of these methods
are expensive to apply or need unavailable data and long-term
datasets (Mabit et al. 2002, Rahimi et al. 2013, Jianyong et al.
2018), especially for radionuclide measurements and the SWAT
model; the former require lengthy and costly analysis of isotopes
in the laboratory, whereas the latter requires costly physicochemical analysis of the diﬀerent soil horizons. Nevertheless,
conservation measures should be rapid and eﬀective; hence, erosion studies should also be performed in a very short time (Yue
et al. 2017). Some recent studies have suggested improvements to
address future trends in erosion control practices and soil conservation methods (Yue et al. 2017).
The IntErO model (Spalevic 2011) based on the erosion
potential method (EPM) and MUSLE have yielded beneﬁcial
results in several studies. These two models have shown
reliability and speed in the evaluation of soil erosion and in
the analysis of sediment mobilization (Tazioli 2009,
Darvishan et al. 2018). The EPM was developed and applied
for the ﬁrst time in Yugoslavia (Gavrilovic 1962, 1988). It is
a powerful tool widely used in the ﬁeld of water and soil
resource management. Some studies on EPM were published
in Italy (Fanetti and Vezzoli 2007), Greece (Emmanouloudis
et al. 2003, Kalinderis et al. 2009, Efthimiou et al. 2016), Iran
(Deilami et al. 2012, Noori et al. 2016) and Nepal (Chalise
et al. 2019). The model also allows the quantiﬁcation of soil
erosion rates in m3 km−2 year−1; the mapping of sediment
source areas; and estimation of the amount of sediment that
will reach dam reservoirs downstream (Gavrilovic et al. 2008,
Spalevic et al. 2016, Vujacic et al. 2017, Dragicevic et al.
2017). It allows both quantitative and qualitative analyses of
erosion since it recognizes weathering, landslides, mud slides

and waterfalls as the generators of materials that are transported downstream (Sharivar and Christopher 2012). The
MUSLE model, a modiﬁed version of the USLE (Williams
1977), quantiﬁes sediment yield for a designed rain event
(Pongsai et al. 2010). It also provides erosion and sedimentation rates owing to the linear forms, mass movements and
sheet erosion and calculates the sediment load at the outlet of
basins (Tahiri et al. 2014).
This study aimed to complete the qualitative and quantitative
analyses of soil erosion in the Arbaa Ayacha basin by (a) assessing the sediment mobilization in the basin by using the IntErO
model based on the EPM and MUSLE; and (b) comparing and
validating the results obtained using other methods such as
RUSLE and PAP/RAC that are already applied in the basin
(Ouallali et al. 2016a, 2016b). To achieve these goals, we ﬁrst
applied the MUSLE (Williams 1977) and IntErO models
(Spalevic 2011) to the national territory. The results and
approaches may be useful tools for basin managers to implement proper soil and water conservation policies. These results
might also be of paramount importance, if they will be coupled
with methods based on ﬁeld measurements, to preserve the
durability of future reservoirs.

2 Materials and methods
2.1 Study area
The Arbaa Ayacha basin is a part of the Western Rif, located
halfway along the national road linking Tetouan and Larache (35°
23′15.4″N 5°53′42.1″W). It has an area of 199.9 km2 and it crosses
the administrative boundaries of four rural communes (Lkhaloua,
Bni-Garfatt, Sidi El-Yamani and Arbaa Ayacha; Fig. 1). The basin
has an altitudinal range spanning from 6 to 549 m a.s.l, whereas
the compactness coeﬃcient of Gravelius (KG) is equal to 1.4. It is
a form of index for basins (Hubert 2002) calculated using the
Gravelius equation (1914). This value indicates an elongated
shape for the basin (Ouallali et al. 2016a). Slopes range from 0
to 85.2% with the majority in class 0–30%. The average slope is
13.4% and the overall slope index is 0.016 m km−1, which ranks in
the class of moderate relief (Hubert 2002). The climate is classiﬁed
as sub-humid Mediterranean with Atlantic and Mediterranean
inﬂuences (Ouallali et al. 2016b). The average annual rainfall
measured at the Arbaa Ayacha station is 707.3 mm and the
average annual temperature is 17.8°C. The vegetation cover in
this zone is poor with an average vegetation index of 0.34.
Regarding land use, the southeastern part of the basin is occupied
mainly by degraded “matorral shrublands” (Bioregions where
vegetation is dominated by evergreen sclerophyllous plants, particularly shrubs and short grasses) and cultivated urban areas,
bare ground areas, as well as hardwood vegetation areas (Fig. 2).
Most of the central part of the basin is cultivated land and
meadows, whereas the downstream part is mostly forested and
comprises degraded matorral shrublands. The lithology of this
basin presents in the central part, closer to the stream ﬂow, ﬂuvial
terraces and glacial accumulations and Villafranchian sand formations are noted downstream on the lower part of the basin
(Suter 1980). The upstream part is characterized by Numidian
sandstones, clayey limestones from the Middle–Late Cretaceous
Melloussa. The center of the basin comprises mainly whitish
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Figure 1. Geographical location of the study area and location of the meteorological stations surrounding the basin.

Figure 2. Land cover map of the Arbaa Ayacha basin.

marls of the lower Eocene and olive clays of the Upper Cretaceous
(Suter 1980). These marls contain assemblages of palynomorphs
that are well preserved (Maaté et al. 2017) and the presence of
dinoﬂagellate cysts indicates Maastrichtian age for these marly

formations (Fig. 3; Guédé et al. 2014). The analysis and interpretation of the results of this study can be simpliﬁed by subdividing the basin into seven sub-basins based on slope exposure
and ﬂow direction.
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Figure 3. Geological map of the study area (Suter 1980).

2.2 IntErO model and EPM
The IntErO model uses the EPM in its algorithm background (Spalevic 2011). The IntErO, an upgraded version
of the River Basins (Spalevic 1999a, Spalevic et al. 2000) and
Surface and Distance Measuring (Spalevic 1999a, Spalevic et
al. 1999b) programs, is simple in handling and can be used
to calculate a large number of data with the processing of 22
input parameters, received after the processing of 26 result
parameters: (1) coeﬃcient of the river basin form, A; (2)
average river basin width, B; (3) coeﬃcient of the basin
development, m; (4) density of the river network of the
basin, G; (5) asymmetry of the river basin, a; (6) coeﬃcient
of the river basin tortuousness, K; (7) average elevation
diﬀerence of the river basin, D; (8) average river basin
altitude, Hsr; (9) average river basin decline, Isr; (10) height
of the local erosion base of the river basin, Hleb; (11) coeﬃcient of the erosion energy of the river basin’s relief, Er; (12)
coeﬃcient of the region’s permeability, S1; (13) coeﬃcient of
the vegetation cover, S2; (14) analytical presentation of the
water retention in inﬂow, W; (15) energetic potential of
water ﬂow during torrent rains, 2gDF½; (16) maximum
peak discharge from the river basin, Qmax; (17) temperature
coeﬃcient of the region, T; (18) coeﬃcient of the river basin
erosion, Z; (19) production of erosion material in the river
basin, Wyear; (20) coeﬃcient of the deposit retention, Ru; (21)
real soil losses, Gsp; and (22) real soil losses per km2. The
model considers six factors related to (i) lithology and soil
type (erodibility coeﬃcient, Y); (ii) topographic and relief
data (I); (iii) monthly mean and annual precipitation (P);
(iv) temperature annual averages (t); (v) land cover data (X);

and (vi) the state of erosion patterns and development of the
watercourse network (Φ).
The annual volume of soil detached owing to soil erosion
(Wyear; m3 km−2 year−1) was calculated as follows:
pﬃﬃﬃﬃﬃ
(1)
Wyear ¼ T  P  π  Z3  F
where P is the annual average rainfall (mm), F is basin area
(km2) and T is the temperature coeﬃcient, calculated by:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
t
þ 0:1
(2)
T¼
10
where t represents the mean annual temperature (°C) extracted
from the meteorological data collected from the Loukkos
Hydraulic Basin Agency.
The Z coeﬃcient describes the intensity of the erosive
process and can be classiﬁed according to the degree of erosion; it is calculated as follows:
pﬃﬃﬃﬃ
Z ¼ X  YðΦ þ IÞ
(3)
where X is a dimensionless parameter that reﬂects the degree
of soil protection; Y is the coeﬃcient of soil erodibility; Φ is
a coeﬃcient that depends on the active erosion and degree of
extension of the forms of linear erosion and mass movements;
and I is the average mean basin slope of the studied area (%).
The parameter X takes into account the state of vegetation
cover and land use. This coeﬃcient usually ranges from 0.05 to
1, with values close to 0 indicating low protection and those
close to 1 indicating high level of soil protection (Efthimiou
et al. 2016, Shahabi et al. 2017). The land-use map of the study
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area was drawn by exploiting a Landsat 8 satellite image (US
Geological Survey1) by classiﬁcation and processing using
ENVI software with some ﬁeld veriﬁcations. The values of
X were obtained by adaptation of the land-use map of the
Arbaa Ayacha basin to the EPM method guidelines and
according to existing values in previous studies (Spalevic
et al. 2013, Milanesi et al. 2015, Noori et al. 2016, Efthimiou
et al. 2016). Thus, values of X have been attributed to each unit
of land use.
The coeﬃcient of soil erodibility Y, which depends on the
pedological and lithological characteristics of the basin, indicates the resistance of soils to erosion. The value of this adimensional factor can be determined by either laboratory
experimentation or ﬁeld measurements (Spalevic 1999a,
Efthimiou et al. 2016) and usually ranges from 0.25 to 2.
Values close to 0.25 indicate low erodibility, whereas those
close to 2 represent strong erodible formations (Efthimiou
et al. 2016, Shahabi et al. 2017). In this study, we used the
soil map data and geological map of the study area to evaluate
the Y factor. Subsequently, coeﬃcient values were assigned to
each soil type based on the EPM guidelines and previous
studies (Haghizadeh et al. 2009, Dragičević et al. 2014,
Kojchevska 2014, Milanesi et al. 2015, Noori et al. 2016,
Efthimiou et al. 2016).
The coeﬃcient Φ is a dimensionless factor with values
ranging from 0.1 to 1 (Gavrilovic 1972, 1988, Staut 2004). In
our study area, this parameter was evaluated on the basis of the
erosion pattern map of the Arbaa Ayacha basin (Ouallali et al.
2016b). Subsequently, Φ values were assigned to each type of
erosion form based on EPM guidelines and studies of Milanesi
et al. (2015), Noori et al. (2016) and Efthimiou and Lykoudi
(2016).
The average mean basin slope of the studied area I, is
extracted from the digital terrain model of the catchment
(DTM-ASTER-GDEM) with a horizontal resolution of
30 m and a vertical resolution of 20 m (NASA earth
data2).
The total volume of sediment produced in the diﬀerent
areas of the basin does not completely reach downstream.
A portion is redeposited in streams or other areas of the
basin; therefore, calculating the speciﬁc real sediment production (Gsp) in m3 km−2 year−1 by using the following equation is
essential:
Gsp ¼ Wyear  Ru

(4)

This is possible by multiplying the average annual production
of sediments Wyear by a delivery coeﬃcient Ru:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
OD
Ru ¼
0:25  ðLv þ 10Þ

(5)

where Lv represents the length of the main river (km), O is
the perimeter of the catchment area (km) and D is the
average height of the basin in relation to the closing
section.
1

https://earthexplorer.usgs.gov/.
https://earthdata.nasa.gov/.
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2.3 Modiﬁed universal soil loss equation
The MUSLE was developed to highlight the empirical correlation between erosion rates and sediment yield during a storm
(Kumar et al. 2019). The MUSLE model has been used to
assess the storm and monthly sediment yield for large basins
(Gwapedza et al. 2018, Van Liew and Mittelstet 2018, Chen
et al. 2019, Kannan et al. 2019). In this study, this model was
used to estimate sediment production in the Arbaa Ayacha
basin; several authors consider it to be more advantageous
than USLE and RUSLE (Erskine et al. 2002, Neitsch et al.
2005, Arekhi et al. 2010, Sadeghi et al. 2014). The MUSLE
model is based on the erosion control factors; it uses some
parameters of the USLE equation with the replacement of the
R index by the maximum ﬂow rates and the total volume of
water ﬂowing:

0:56
 ðK  LS  C  PÞ
(6)
Xt ¼ C Qp  Vtr
where Xt is the sediment yield of a rain event in year t; C is the
conversion coeﬃcient, equal to 9.05 or 11.8 in International
System of Units (in Morocco C = 9.05); Qp is the peak ﬂow
(m3 s−1); Vtr is the total volume of water run (m3);
K corresponds to the soil erodibility (t ha MJ−1 mm−1); LS is
the topographic factor representing the length of slope, L (m)
and slope steepness, S (%); C is the factor of vegetation cover;
and P is the factor of anti-erosion practices. The values of Vtr,
Qp and rainfall data were retrieved from the Loukkos
Hydraulic Basin Agency as daily, monthly and annual average
precipitation values of the ﬁve meteorological stations surrounding the basin for a period of 40 years (Fig. 1). The factors
LS, K, C and P were evaluated by referring to the results of
a previous application of the RUSLE model in this basin
(Ouallali et al. 2016a).

2.4 Implementation of the models
The implementation of the EPM and MUSLE models required
preparation of the input data by using mapping and spatialization techniques such as geographic information systems (GIS)
and remote sensing. The land-use map was used to extract
values for parameter X (coeﬃcient of protection) for the EPM
method and for the C factor for the MUSLE model. The soil
erodibility coeﬃcient Y (EPM model) depends on the pedological and lithological characteristics of the basin. The soil map
of the study area was obtained from two diﬀerent soil maps:
the soil map of the Tangier–Tetouan area prepared as a part of
the integrated agricultural development project for this area
(Inypsa 1987) supplemented by the soil map of the Tangier
region (Alami in Osrirhi et al. 2007) with some ﬁeld veriﬁcations. The lithological formations of the basin were deduced
from the Rif 1:500 000 geological map (Suter 1980). These two
pedological and lithological maps were also used for the evaluation of the soil erodibility index K of the MUSLE model.
Parameter Φ, which is related to the forms of water erosion,
was evaluated using a map of these forms in the basin. This
map was developed using in situ ﬁeld mapping by using the
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Quantum-Gis.10 Open-Layer-Plugin extension that connects
with Google Earth™.
Factor Z of the EPM model was calculated using the raster
calculator tool of ArcGis software. This tool allows the execution of the expression of spatial algebra by using the rasters of
coeﬃcients X, Y and Φ (Equation (3)). The result of this
operation was used for Equation (1), which resulted in the
distribution
map
of
sediment
production
Wyear
(m3 km−2 year−1). The MUSLE model topographic factor LS,
which depends on slope inclination and slope length, was
extracted from the study of Ouallali et al. (2016a). The
P factor of this model is considered equal to 1 since no antierosion practices are realized in the basin (Ouallali et al. 2016a).
The assessment of sediment production by using MUSLE at the
outlet of the Arbaa Ayacha basin was performed using Equation
(6) in the raster-calculator of ArcGis 10.3 by using raster maps
of factors C, K, LS and P, with resolution of 25 m.
2.5 Eﬀect of major erosion factors on sediment
production
To highlight the eﬀect of lithology and major erosion factors on
sediment production, we performed an intersection between
each erosion factor map and erosion rate map. This intersection
is a GIS operation between shapeﬁles. For the slope factor, this
operation requires two vector layers: one for slopes and one for
sediment production. We ﬁrst started with a reclassiﬁcation of
the slope map into four classes (0–15%, 15–30%, 30–45% and
>45%) and the erosion map obtained using the EPM model also
in four classes, as shown in Table 4. Subsequently, after the
raster was switched to features under ArcGis 10.3 tools, the two
shapeﬁles obtained were combined using the intersect command of ArcGis 10.3. This provided a map showing the erosion
rates coinciding with each class of slope, based on which we
calculated the percentage of the low, moderate, high and excessive classes of erosion. This same methodology was used for
other factors/maps such as lithology, land use and erosion
forms in order to emphasize the degree of participation of
each factor in sediment production. Each map was intersected
with the classes of the sediment production map under the
same ArcGis 10.3 tools and commands used for the slope map.

3 Results
3.1 EPM model parameters
3.1.1 Soil protection
The soil protection coeﬃcient X shows values ranging from 0.05
to 0.9 (Table 1). Most of the basin was not well protected, as
67.9% of the area had values of X higher than 0.8 on cropland
and grassland. Values of X lower than 0.2 were very sparse in the
basin and they correspond to a few small units of dense hardwood, dense scrubland and old dense reforestation. They occupied 6.5% of the investigated area, indicating that only a small
part of the basin is protected against erosion by vegetation.
3.1.2 Erodibility of soil
Soil erodibility (Y) depends on both lithology and soil type.
For the study basin, this factor ranged between 0.5 and 1.7

Table 1. Values of the factors used in the EPM model.
Coeﬃcient of soil cover
Areas without vegetal cover (bare land, building area, water)
Crop ﬁelds, meadows, grasslands
Built-up areas and crops, degraded matorral shrublands
Arboricultural lands, clear matorral shrublands
Reforested areas, dense forests, dense matorral shrublands
Coeﬃcient of soil resistance
Marls, clays, poorly consolidated yellow sands and other rock with
little resistance
Weak rock, ﬁne clayey pelites with microbereccia beds, recent
Quaternary scree
Rock with moderate erosion resistance, limestone formations,
Quaternary ﬂuvial terraces
Hard rock, sandstone of the Numidian nappe
Coeﬃcient of type and extent of erosion
Deep ravines, landslides, badlands areas and bank undercutting
Sheet erosion, less than 50% of the catchment area with rill and
gullies erosion
20% of the area attacked by surface erosion, minor slips in stream
channels
Land surface without visible erosion, mostly crop ﬁelds

X
0.8–0,9
0.6–0.8
0.4–0.6
0.2–0.4
0.05–0.2
Y
1.3–1.7
1–1.3
0.6–1
0.5–0.6
03A6
0.8–0.9
0.6–0.7
0.3–0.5
0.1–0.2

(Table 1), with the predominance of class 1.2 to 1.5 occupying
46.1% of the studied area. About 31.4% of the area had values
lower than 1.2, indicating a high resistance of soils to erosion,
whereas 22.4% of the area had values higher than 1.5, indicating high erodibility of the grounds of this basin.
3.1.3 Type and erosion form factor
The parameter Φ varied between 0.15 and 0.9 when the values
attributed to this factor by Gavrilovic (1988) were adapted
(Table 1); most of the basin belongs to class 0.15 with
a percentage of 90.7%. This value corresponds to sheet erosion
that is the most dominant form in the basin. Others forms of
erosion (mass movements, badlands area, ravines and gullies)
were limited and occupied 9.3% of the area with values of Φ
varying from 0.2 to 0.9.
3.2 MUSLE model parameters
The topographic factor LS of the MUSLE model was calculated using a DTM and the slope map of the study area.
The values of LS varied from 0 to 245.8, with a maximum
recorded in the middle and southeast region of the basin
(Ouallali et al. 2016a). The values attributed to soil erodibility factor K varied from 0.1 to 0.44 t ha MJ−1 mm−1,
with the predominance of the 0.3–0.4 t ha MJ−1 mm−1
class, which corresponds to poorly evolved soils (Ouallali
et al. 2016a). The latter class coincides with friable marly
formations strongly eroded at medium altitudes, which
were found in the center of the basin and poorly consolidated sandy formations noted in the northwest part. The
C factor of the MUSLE model is based on the types of land
cover; in Arbaa Ayacha basin, values of C varied from 0.03
to 0.9 with 85% of the values being greater than 0.2
(Ouallali et al. 2016a). This showed that only 15% of the
basin is protected by vegetation cover. In this study, the
C values were extracted from a study on the Arbaa Ayacha
basin, in which the RUSLE model was applied (Ouallali
et al. 2016a).
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Table 2. Percentage of Z coeﬃcient classes in sub-basins.
Basin
1
2
3
4
5
6
7
Whole basin

Area (ha)
2040
1520
1830
1740
4480
3980
4400
19990

Gsp ¼

Z coeﬃcient classes (%)
<0.2
1
1.9
1.2
0.1
0.4
0.6
1
0.9

0.2–0.4
2
7.5
3.1
0.5
1
2.9
2.4
2.8

0.4–0.7
6
2.7
2.8
0.8
1.2
3
3.6
2.8

0.7–1
9.4
4.9
6.5
4.5
4.5
4.8
4.3
5.5

>1
81.6
83
86.4
94.1
92.9
88.7
88.7
87.9

Total
100
100
100
100
100
100
100
100

3.3 Sediment production evaluation
3.3.1 Spatial variability and analysis of results
3.3.1.1 Erosion coeﬃcient Z – EPM model. The results
obtained by applying Equation (3) cited above is a raster
map with Z values ranging from 0.01 to 12. The majority of
the basin had coeﬃcient Z greater than 1, followed by the
class between 0.7 and 1; these values indicate a high sensitivity of the basin to water erosion (Table 2). From the classiﬁcation of this factor adopted by Gavrilovic and other
researchers (for example, Haghizadeh et al. 2009,
Salahalddin et al. 2016, Stefanidis and Stathis 2018), this
area belongs to the strong and excessive class of erosion. In
other basins where the EPM method has been applied, the
Z values were similar to those obtained in our study area.
Indeed, in the Chamgardalan basin in Iran, Youseﬁ et al.
(2014) showed that the major of the basin has strong to
excessive erosion (categories I and II) with Z values belonging
to classes (0.7–1) and (>1). These two classes are also predominant in the Dez basin in Malaysia (Haghizadeh et al.
2009), in the Republic of Srpska (Tošić and Dragicevic 2012),
in the Alpine areas of Italy (Milanesi et al. 2015) and the
Mediterranean basins in Montenegro (Spalevic et al. 2012).
3.3.1.2 Annual sediment production – EPM model. The
average sediment production rates were calculated to be
2370 m3 km−2 year−1, whereas the minimum and maximum
losses for the entire basin were, respectively, 0.6 and
16,400 m3 km−2 year−1. To simplify the analysis, comparison
and discussion of the results, we proceeded to transform the
unit of the sediment production obtained. This change
from m3 km−2 year−1 to t ha−1 year−1 was inspired from the
work of Youseﬁ et al. (2014), Kojchevska (2014) and Noori
et al. (2016). These authors explained the possibility of transformation of the value of sediment production calculated
using the EPM method to t ha−1 year−1 by exploiting the
measured data in the hydrometric station. In our case, the
Arbaa Ayacha hydrometric station installed in the basin
incurred losses of sediments equal to 6 t ha−1 year−1 for an
area of 10 km2 (1000 ha) and 1.2 t m−3 of materials was
returned on 1 m3 of sediment. Therefore, the values of Gsp
can be changed to t ha−1 year−1 as follows:
6 t ha−1 year−1 × 1000 ha = 6000 t year−1
6000 t year−1/1.2 t m−3 = 5000 m3 year−1
5000 m3 year−1/10 km2 = 500 m3 km−2 year−1
Therefore, the sediment production Gsp can be calculated as:

2370:8  6
¼ 28:4tha1 year1
500

7

(7)

This transformation was used to compare the values provided
by the EPM model to those obtained using other erosion
models commonly used in Morocco, such as RUSLE, USLE
and MUSLE. The results of this operation are presented in the
form of an erosion map in the study area (Fig. 4). Excessive
soil losses (>40 t ha−1 year−1) were mainly noted in two subcatchments 5 and 7; these last two sub-basins have whitish
and friable marly formations of lower Eocene age and are
devoid of vegetation. This area also has steep slopes (>45%)
and high altitudes, which justiﬁes the high rates of erosion.
The low (<7 t ha−1 year−1) and medium (7–20 t ha−1 year−1)
erosion classes are predominant in sub-basins 1, 2, 3 and 4. In
these sub-basins, we noted the predominance of lithological
formations formed by clay limestones, sandstone and pelites
as well as microbreccia. These formations are considered
resistant to the erosive process, especially when combined
with low slope values and types of land use that curb erosion.
In the center of the basin, low and moderate classes of erosion
coincide with ﬂuvial terraces and accumulation glacis and
low slopes belonging to class (0–15%). These Quaternary
formations are considered as places of deposit and not of
erosion.
In the southeast region upstream of the basin (sub-basins 1
and 2), we found the existence of moderate and high classes
with losses successively of 20 and 60 t ha−1 year−1. This zone
has friable lithological formations, mass landslides on the
slopes and steep slopes, but is partly covered by old dense
reforestation and matorral shrublands. The combination of
these factors makes this site vulnerable to erosion.
Downstream of the basin to the north and north-west region
(sub-basins 6 and 7), high to very high loss classes are located
on friable lithologies such as Eocene-Oligocene clay formations, poorly consolidated yellow sand terraces of the Pliocene
and sandy formations of Villafranchian. These areas do not
have a vegetative cover, the slopes are medium to high and
sheet erosion and gully erosion forms are abundant. The small
losses in this zone always coincide with terraces and glacis of
Soltano-Rharbian accumulations under low slopes and some
sandy Villafranchian Quaternary areas covered by very old
hardwood reforestation.
3.3.1.3 Erosion rate – MUSLE model. The erosion map
obtained using the MUSLE model showed that the average
losses generated at the outlet are in the order of 153
000 t year−1 with 24.6% of the losses being less than 50
000 t year−1, whereas the rest belong to the class of high losses
(75.4%; Fig. 5). Analysis of the map showed that the maximum values of the losses were in the southeast region of the
basin, largely on high slopes, non-vegetated lands and sandstone formations of the Numidian thrust sheet. In the centre
of the basin, the highest values coincided with whitish marly
formations of the lower Eocene, without vegetation and on
steep slopes. Toward the northwest of the basin, the maximum values of soil losses were noted in cultivation or fallow
lands with predominantly clayey lithology of the Habt thrust
sheet and Villafranchian Quaternary sandstone. The

8

A. OUALLALI ET AL.

Figure 4. Spatial distribution of erosion intensity determined using the EPM model (t ha−1 year−1).

Figure 5. Spatial distribution of erosion intensity determined using the MUSLE model (t year−1).

downstream part of the basin showed low values of erosion
except in some small areas where the losses were very high.
These places coincide with friable lithologic formations,
poorly developed soils and high slopes. On these formations,

deep ravines, occasionally exceeding 4 m in depth, appeared
and they were disconnected from the hydrographic network
(Fig. 6). The shape and depth of these ravines suggested that
a huge amount of sediment had been eroded.
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Figure 6. Deep ravines under friable formations and crop ﬁelds downstream of the study area.

3.3.2 Eﬀect of lithology and major erosion factors on
sediment production
3.3.2.1 Sediment mobilization on the lithological formations
of the study area. The methodology (described in
Section 2.5) allowed us to highlight the lithological formations that release more sediments by comparing the percentage of low (<7 t ha−1 year−1) and excessive classes (>40 t
ha−1 year−1) of erosion for each type of lithological formation.
This operation allows one to distinguish two areas of sediment production (high and medium) and an area considered
rather as a deposition and sedimentation zone. In fact, the
whitish marls of the Lower Eocene (ei), which present ﬂint
limestones, release the greatest part in sediments (Fig. 7).
This formation is largely located in sub-basins 5 and 7,
justifying the increase of sediment losses in these subbasins. Field visits showed that this formation, located mainly
in the centre of the basin in the form of hills, has high
altitudes and is completely devoid of vegetation. The lithology is friable in its entirety with frequent tectonic activity in
the form of normal faults ﬁlled with calcite crystallization.
Fragments of the latter are very common in the deposition
zone, indicating that this formation has experienced active
and intense erosion. From an erosional point of view, this

area can be classiﬁed as badlands, which constitutes, according to Descroix and Jean-Claude (2002), an important source
of sediments (Fig. 8). The second lithological formation
favoring the production of sediments and releases of materials corresponds to the Upper Cretaceous olivaceous clays of
the Tangier unit (Cs). This area is characterized by excessive
losses of sediments, followed by high losses, whereas low and
moderate losses are very limited. This formation, placed
mainly in the center of the basin and surrounded by the
marls of the lower Eocene, is located on average slopes
belonging to class 15–30%. The lithology is friable and easily
erodible, whereas the soils on this formation belong to the
class of vertisols and are poorly developed. In the third order
are the Eocene and Oligocene clay formations from the Habt
thrust sheet (em-g). These friable argillaceous lithology and
silty formations occur in sub-basins 5, 6 and 7 and coincide
with average slopes of 15–30%, croplands and grasslands.
Soils are complex and largely belong to poorly developed
soils, hydromorphic soils and vertisols.
The lithological formations–Oligo-Miocene sandstone of
the Numidian thrust sheet (gmi-n), Oligo-Miocene sandy formations of Habt (gmi-h) and mid to Upper Cretaceous clay
limestone of Melloussa (ML)–belong to the middle category in

Figure 7. Percentage of sediment production classes (low, moderate, high and excessive) on each lithological unit (Cs: Upper Cretaceous olivaceous clay, Cm: Fine
pelites with microbreccia of middle Cretaceous, ei: whitish marls of the lower Eocene, em-g: Eocene and Oligocene clay formations, gmi-n: Oligo–Miocene sandstone of
the Numidian thrust sheet, gmi-h: Oligo–Miocene sandy formations of Habt, ML: mid to Upper Cretaceous clay limestone of Melloussa, P: Sand terraces of Pliocene, q:
recent Quaternary scree, qa: Quaternary ﬂuviatile formations of Soltanian–Rharbian age, qv: Villafranchien sandy formations.
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Figure 8. Marly formations (ei) with high sediment production and Quaternary ﬂuviatile terraces (qa) with low sediment production at the center of the basin.

terms of sediment production. Erosive processes in these formations are more intense where rocks and soils are friable and
poorly vegetated. In the ﬁrst formation (gmi-n) situated
upstream of the basin, excessive and high losses represent,
respectively, 0.9% and 1.8%, whereas low losses occupy 2.3%.
Fragments of these sandstones appear in the majority of the
observed proﬁles of formations (qa and qv) considered as
zones of deposits. In contrast, the second formation (gmi-h)
located in the northwest sub-basin 6 presents 2.4% in the
production of sediments belonging to the excessive class and
2.3% to the low class. The third formation (ML) is located in
the southeastern part of sub-basins 1, 2, 3 and 4, in which
excessive losses are more favored than low losses. The formations (q) and (qa) correspond to the recent Quaternary scree
and Quaternary ﬂuviatile formations of the Soltanian–
Rharbian age. On these formations, sediment production is
very limited considering the combined eﬀect of erosion factor
states in this area. The observation of certain proﬁles belonging
to this formation indicates that it was indeed a deposition
zone, where the phenomenon of re-sedimentation of transported materials is very frequent.
3.3.2.2 Eﬀect of slope. In the Arbaa Ayacha basin, slope class
(0–15%) has a lower percentage of sediment production than
the other classes of erosion. Areas with slopes that vary from
15 to 30% are the most favorable to show erosion owing to the
combined eﬀect of this factor with the other parameters inﬂuencing the degree of production of sediments (Fig. 9). In fact,
this class of slope coincides with poorly evolved soils that are
strongly erodible in the center and downstream of the basin.
The lithology is essentially marly and clayey under
a completely cleared vegetation cover and replaced by cropland. All these characteristics allow the development of intense
erosion phenomena and favor high amounts of sediment.
Conversely, slopes greater than 45% and located mainly
upstream of the basin promote low amounts of sediment;
this area is occupied by dense deciduous vegetation,

Figure 9. Percentage of sediment production classes Gsp (low, moderate, high
and excessive) for each slope class.

reforestation, matorral shrublands, sandstones and lithosols
that limit the extent of erosion. These types of land use and
lithology are known to reduce erosion. In this case, the combined eﬀect of high slope, dense vegetation and hard rocks
limits sediment production.
3.3.2.3 Eﬀect of land use and erosion forms. The distribution
of erosion classes expressed as a percentage for diﬀerent types
of land use is shown in Table 3. The maximum values were
recorded on cropland with a predominance of the excessive
class in sediment production, whereas the low class attributed
to only less than 8.6% (Table 3). The minimum values were
recorded successively under the land occupied by dense vegetation and under reforestation with a predominance of the
class of low losses compared to those in other classes.
Regarding the forms of erosion, the map of these forms prepared for the Arbaa Ayacha basin (Ouallali et al. 2016b) has
undergone a reclassiﬁcation. Four types of erosion forms have

HYDROLOGICAL SCIENCES JOURNAL

11

Table 3. Distribution of sediment production by land-use type.
Land cover type (%)
Sediment producUrban areas with
tion class
crops
Reforestation
(t ha−1 year−1)
Low (<7)
2.9
1.4
Moderate (7–20)
3.0
0.03
High (20–40)
0.7
0.03
Excessive (>40)
0.1
0.03
Total
6.7
1.5

Meadows and
grasslands
0.8
1.0
1.6
2.6
6

Table 4. Distribution of sediment production by erosion form type.
Sediment production class
(t ha−1 year−1)
Low (<7)
Moderate (7–20)
High (20–40)
Excessive (>40)
Total

Type of erosion form (%)
Sheet
erosion
19.8
20.0
25.5
25.4
90.7

Mass
movement
0.2
0.2
0.1
0.1
0.5

Linear erosion
form
1.3
1.4
1.7
2.0
6.4

Badlands
area
0.2
0.3
0.6
1.2
2.4

been considered: badlands areas, linear forms of erosion (gullies, rills and ravines), mass movements (including soliﬂuction,
slips and mudslides) and sheet erosion. Unlike other forms,
stripping and/or sheet erosion is the most dominant among
the erosion patterns in the basin; it promotes less than 10% of
sediment production (Table 4). This huge amount of sediment
produced on the areas with sheet and gully erosion causes
adverse eﬀects on the soil resources, especially, since sheet
erosion is considered the most dangerous with regard to soils
since it depletes them of nutrients.

4 Discussion
The values of potential erosion obtained in this study seem
reasonable compared to soil losses measured and calculated in
areas under similar conditions, such as in Iran (Haghizadeh
et al. 2009, Abadi and Ahmadi 2011, Youseﬁ et al. 2014),
Bosnia (Tošić and Dragicevic 2012), alpine areas (Milanesi
et al. 2015), Greece (Efthimiou et al. 2016) and Brazil
(Emmanouloudis et al. 2003, Tangestani 2006, Irvem et al.
2007, Marques da Silva et al. 2014). In the Moroccan territory,
the EPM method has not yet been applied; however, comparing and discussing the results obtained in the Arbaa Ayacha
basin by applying the EPM model with other models and
methods most commonly used in Morocco would be interesting. All studies conducted in Morocco show erosion values
varying from 23 to 62.72 t ha−1 year−1, which are close to those
obtained in the Arbaa Ayacha basin. In these studies, the
USLE, RUSLE, MUSLE and SWAT models (Aït Brahim et al.
2003, Tahiri et al. 2014, 2016, Ouallali et al. 2016a, 2020,
Zouagui et al. 2018) and radioisotope techniques
(Moukhchane 1999, Moukhchane et al. 2005, Damnati et al.
2010, Zouagui et al. 2012) were used.
When EPM is integrated into the IntErO model, sediment
yield can be easily calculated on the outlet for the entire basin,
considering a simple form of connectivity features (Keesstra
et al. 2018, Spalevic 2019). In contrast, the MUSLE model is
spatially explicit and calculates soil loss only. EPM also

degraded
shrublands
1.9
2.7
4.3
1.7
10.7

Matorral
shrublands
4.7
1.9
1.9
1
9.5

Dense
forests
0.67
0.01
0.01
0.02
0.71

Cropﬁelds
8.6
11.7
19.0
22.6
61.9

Bare
land
0.1
0.5
0.2
0.7
1.5

arboricultural
areas
0.3
0.9
0.1
0.01
1.4

computes peak discharge from the river basin, asymmetry of
the river basin and coeﬃcients of river basin form; basin
development; river basin tortuousness; region’s permeability;
and vegetation cover. Furthermore, the IntErO calculates both
the sediment delivery ratio and sediment yield, whereas
MUSLE only calculates gross soil erosion rates, which may or
may not include soil that is lost from the river basin. Sediment
yield calculated using the IntErO is the actual volume of soil
leaving the river basin. Although both the models use similar
datasets to compute soil erosion intensity, such as rainfall data,
soil data, elevation data and land-use map, the methodology of
how these data are utilized in both the models is diﬀerent
(Chalise et al. 2019).
However, the EPM model can highlight the spatial diﬀerences in erosion, rather than providing the exact values of soil
loss (Hoyos 2005). Therefore, the EPM method could reveal
the spatial distribution of erosion categories and the degree of
inﬂuence of erosion factors. The results showed that the landuse factor was important for areas covered by dense vegetation (matorral, forests and reforestation) and under pasture.
It shows good correlation with topography and minimizes the
eﬀect of slope, relief and climatic erosivity. However, topographical erosion is ampliﬁed and accelerated when the land
was lacking vegetation or was under cultivation, especially
during the rainy periods. Furthermore, slope and slope length
were the main factors aﬀecting erosion rate, except in areas
where water congregates (streams and ravines). These factors
are also important to explain the results obtained using the
MUSLE model. However, in the EPM model, sediment production is proportional to the degree of erodibility of lithological formations (Y factor). The rocks most resistant to
erosion, such as Numidian sandstones, or deposit areas
such as Quaternary terraces show a low mobilization rate,
unlike marls and marly–limestone in the center of the basin,
or sands poorly consolidated at its downstream. This is
a particularity of the EPM model; in contrast, in the
MUSLE model, the erodibility factor only considers the nature of the soils (K factor). In general, the high values of
K factor are attributed to the high geological coeﬃcient as
most of the Arbaa Ayacha basin consists of friable rocks that
limit inﬁltration and accelerate runoﬀ. This conclusion is
completely opposite to the results found in the Tapacurá
basin (Irvem et al. 2007, Marques da Silva et al. 2014) where
the basin consists of 58% of granitic rocks and 25% of hard
rocks resistant to erosion. The climatic factor, which is particularly important in the EPM method, ensures the integration of the spatial variation of precipitation and temperature
for the determination of the erosion rate; the erosion rate can
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Table 5. Estimated sediment production Gsp, A and Xt with total sediment yield and erosion intensity in each sub-basin.
Erosion model
Average losses by EPM

Sub-basin
Gsp
1
2
3
4
5
6
7
Average soil loss of basin

(t ha−1 year−1)
18.6
20.7
24.2
25.4
35.9
26.3
33

Total sediment

Average losses by RUSLE*
Erosion

(t year−1)
Intensity
371181.4
Moderate
413179.3
High
484375.8
High
507374.6
High
717964.1
High
526173.7
High
660167
High
28.4 t ha−1 year−1

A
%
10.1
11.2
13.2
13.8
19.5
14.3
17.9

(t ha−1 year−1)
31.8
44.8
21.3
26.6
22.3
22.3
20.3

Total sediment

Average losses by MUSLE
Erosion

(t year−1)
Intensity
636768.2
High
896355.1
Very High
425178.8
High
532173.4
High
445777.7
High
444977.7
High
405979.7
High
25.8 t ha−1 year−1

Xt
%
16.8
23.7
11.2
14.1
11.8
11.7
10.7

Erosion

(t year−1) Intensity %
196168.6 High
16.6
277182.5 High
23.5
132534
High
11.2
166558.7 High
14.1
140055.9 High
11.9
140305.5 High
11.9
128177.4 High
10.9
153468.3 t year−1

*Ouallali et al. (2016a).

be calculated using the measurements of precipitation from
the meteorological stations near the basin. However, in the
MUSLE model, the integrated climatic factor corresponds to
the peak ﬂow and allows the assessment of only the sediment
load arriving at the outlet of the basin. In the center of the
basin, certain places have deep ravines and show signiﬁcant
erosion. Similarly, in the southeastern part, landslides have
contributed to high erosion rates. This was not revealed by
the MUSLE model, since it does consider the factor of erosion
forms such as Φ, unlike the EPM model.
Our results are consistent with those of previous studies
and show that the EPM model can be applied eﬀectively to
Moroccan environmental conditions. However, this model
also has some intrinsic and extrinsic limitations. In terms of
data-layer processing by using GIS, the model assumes that
erodibility; erosivity, topography and land-use factors are
uniform in each 25 m resolution cell. The EPM calculates
erosion in a multiplicative form and, under GIS, instead of
extrapolating, it aims to group the results into qualitative
categories, which increases uncertainties and errors.
Moreover, uncertainty exists regarding the type of interpolation and the low number of weather stations used to
generate the climatic erosivity factor. The EPM model
does not consider the eﬀect of rapid changes in vegetation
cover and crop types from one season to another; in particular, it does not consider that grass cover reduces erosion
during the summer and becomes less eﬀective in autumn, as
shown by Biddoccu et al. (2016) in other areas under
climatic conditions diﬀerent from those of the Arbaa
Ayacha basin.

5 Conclusion
The use of the IntErO model based on the EPM yielded
relevant results on soil condition and sediment production.
The average sediment production was 28.4 t ha−1 year−1 or
2370 m3 km−2 year−1. The analysis of the results showed that
the lower Eocene marly formations are the most productive in
terms of sediments that have been eroded and deposited on the
Quaternary ﬂuvial terraces in the center and in the downstream part of the basin. These results are in good agreement
with those obtained by other models applied in this basin
(RUSLE, MUSLE (Table 5) SWAT and PAP/RAC). Sediment
mobilization in this basin is mainly controlled by land use;

lithology and erosion forms, slopes and precipitation also
inﬂuence sediment production. This study showed that the
EPM method can be used eﬀectively to study erosion and
assess sediment production under Moroccan environmental
conditions.
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